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Abstract: Increasing concerns about climate change and global warming bring about technical steps
for the development of several energy-efficient technologies. Since the building sector is one of the
largest energy users for cooling and heating necessities, the incorporation of a proper energy-efficient
material into the building envelopes could be an interesting solution for saving energy. Phase
change material (PCM)-based thermal energy storage (TES) seems suitable to provide efficient energy
redistribution. This is possible because the PCM is able to store and release its latent heat during
the phase change processes that occurs according to the environmental temperature. The purpose
of this paper was the characterization of the thermal properties of a composite PCM (i.e., Lecce
stone/poly-ethylene glycol, previously developed) incorporated into mortar compositions based on
different binders (i.e., hydraulic lime and cement). The study was carried out using an experimental
set up through which it was possible to simulate the different seasons of the years. It was observed
that the addition of PCM in mortars leads to a decrease of the maximum temperatures and increase
of the minimum temperatures. Furthermore, the results shown a reduction of the heating and cooling
needs, thus confirming the capability of this material to save energy.
Keywords: phase change material (PCM); thermal energy storage (TES); sustainable materials for
buildings; thermal properties; mortars; hydraulic lime; cement
1. Introduction
In the current world scenario, environmental issues as well as climate change represent a real
problem that concerns all humanity. This awareness has led international policy to incentivize research
pushing it in the development of new renewable energy solutions. On the other hand, the scientific
community is focused on it and trying to make important steps forward to limit the increase in
energy consumption. In the last few decades, it has been shown that the building sector contributes
significantly to the increase the electric energy demands [1]. Major components of energy consumption
in the building sector are in heating, cooling, air conditioning and ventilation systems for comfort
demands [2]. For this reason, buildings should be designed to ensure the thermal comfort of the
occupants, with minimum auxiliary energy for heating and cooling equipment [3].
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Another problem associated with energy consumption is due to old and ancient constructions
characterized by a lack of building envelope insulation; in the case of historical buildings, moreover,
the installation of modern devices for heating and cooling necessities is limited. For this reason,
it becomes essential to find solutions able to improve the energy efficiency of buildings preserving, at
the same time, the environment [4].
A potential tool for energy conservation, able to store the excess energy and to release it, filling
the gap between the energy supply and demand, is a system called thermal energy storage (TES).
This latter system, using the principle of latent heat thermal energy storage (LHTES), combined
with a proper phase change material (PCM) is a promising technology to save energy, improving
building efficiency [5]. As the temperature increases, the PCM has the capability to change its phase
from solid to liquid. The reaction is endothermic and the PCM absorbs heat; when the temperature
decreases, the material changes its phase from liquid to solid. At this point, the process is exothermic
and the PCM desorbs heat. Thus, the addition of a PCM in building service equipment is a way to
enhance energy storage capacity. Consequently, building energy performance could be optimized
and also indoor thermal comfort can be improved [6]. The incorporation of a PCM in construction
materials (passive building system) has proven to be the most interesting approach [7].
Thereby, wallboards, floors, roof, mortar or concrete and other parts are integrated with PCMs
in order to improve the thermal performance of the building [8–12]. The most common solution for
implementing PCMs in buildings is the installation of PCM into the interior side of the building
envelope. Thus, the use of suitable PCMs in the interiors of the construction allows absorbing and
releasing heat in any room during a large part of the day. Several experimental investigations have
shown how this strategy positively affects indoor climate and energy use [6,7,13,14]. On the other hand,
among all these possible applications, the incorporation of phase-change materials in mortars employed
in the interiors of buildings appears the most attractive solution in an attempt to minimize the massive
energetic consumption related to building conditioning. Such an approach allows the regulation
of the temperature inside buildings through latent heat energy storage, using only solar energy as
a resource, thus, reducing the need for heating/cooling equipment [15,16]. Incorporating PCMs in
mortar and concrete can be an efficient method due to the large heat exchange area surfaces; in addition,
the final functional material can be adapted in a wide variety of shapes and sizes. Being mortar and
concrete widely used as construction materials, such PCM composites can be employed in any practical
application. Moreover, quality control can be easily achieved in the materials produced [17].
Among the available methods to incorporate an effective PCM into a building material, such as
mortar or concrete, the “form stable” is among the simpler and more efficient technologies [3,17–19].
In this method, a porous matrix of inorganic (such as silica-based material, perlite, diatomite, clay, etc.)
can act as the inert support that will contain the true PCM [20,21]. A form-stable PCM composite
can then be obtained by immersing the matrix in the liquid PCM, employing a vacuum system to
force the impregnation. After the impregnation process, the porous matrix is able to retain the optimal
percentage of PCM, with no leakage [22,23]. The production of form-stable PCMs involves very cheap
and simple equipment. Several studies have been recently published on the use of construction
materials incorporating a form-stable PCM composite [21,24–26].
In this work, this route (i.e., the form-stable method) was followed, employing as support matrix
small pieces of Lecce stone (LS) supplied by a local quarry as a waste product and selecting low
toxic and low flammable PEG (poly(ethylene glycol)) as real PCM. The use of waste stone as support
for a PCM able to improve the thermal efficiency of the buildings, and to reduce the consumption
of petroleum-derived energy, would represent a double advantage for the environment. PEG was
chosen because of its favorable properties, such as suitable phase change temperatures and large
phase change enthalpy, elevated long-term thermal/chemical stability, low toxicity and resistance
to corrosion, and limited volume change during solid–liquid phase change [27,28]. Furthermore,
the range of melting/crystallization temperatures of the selected grade of PEG (i.e., 1000) were considered
particularly suitable for a PCM included in mortars to be used in Mediterranean warm countries.
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The produced form-stable PCM system was then used as an aggregate for the production of some
mortar formulations based on different binders. In our previous works [29,30], the production and the
optimization process to achieve a suitable form-stable composite PCM have been described, as well
as its chemical, physical and thermal characterization. The influence of this PCM composite system
included in different mortar compositions on their mechanical properties was also investigated [30,31].
Starting from the previous research, taking into account the results obtained, the main aim
of the study described in this paper was the analysis of the thermal performance of some of the
produced mortars exposed to temperatures currently recorded in the South of Italy. To this purpose,
an experimental setup was implemented: a small-scale test cell, on which the produced mortars
(with and without PCM) were poured, was submitted to a preset temperature program able to simulate
the different seasons of the year. The obtained thermal performance for each binder mix, unmodified
or containing the innovative PCM, was recorded and analyzed.
2. Materials and Methods
2.1. Production of the Form-Stable Phase Change Material (PCM)
Different mortar compositions to be used indoors were developed in previous studies [30,31].
Lecce stone (LS), a biocalcarenite typical of the Salento area (South Italy) with a high open
porosity [32], was selected as support matrix to contain the PCM. LS was chosen also because it is
widely available as a waste product from extraction and production of stone components. Lecce stone
was reduced in small pieces and sieved up to a granulometry ranging between 1.6 and 2.0 mm, to be
used as aggregate in the mortar formulations. The PCM was based on poly (ethylene glycol), supplied
in solid form (Sigma–Aldrich company, Germany) with the trade name PEG 1000.
According to the data sheet, the density of PEG 1000 at 20 ◦C is 1.2 g/cm3. PEG 1000 displays
a mix of favorable properties (cheapness, low toxicity, low flammability) along with suitable melting
and crystallization range of temperatures. In order to be used in building applications, in fact, a PCM
must display an appropriate range of phase transition temperatures. Since PEG shows melting
and crystallization temperatures of 43 ◦C and 23 ◦C, respectively, this polymer has been considered
favorable to be used as a Phase Change Material included in mortars to be employed in buildings
located in warm regions, for instance in the Mediterranean area [27,28].
To produce the PCM composite system, namely LS/PEG, a simple vacuum impregnation process
was employed, according to the form-stable principle. As reported in our previous work [30], a proper
quantity of LS granules, that constituted the support for the PCM, was positioned in a flask linked
to a vacuum pump (at a vacuum pressure of 0.1 MPa). This flask was placed on a magnetic stirrer,
kept at 60 ◦C, containing also a magnetic stir bar. The PEG (originally in solid form), constituting the
true phase change component, was heated at 80 ◦C and then added to the flask where the LS granules
were placed. At that point, air was allowed to enter in the flask, forcing the penetration process
of the liquid PEG into the support, i.e., in the pores of LS. This process was continued for 60 min.
The results achieved with this method, reported in [30], have shown that the maximum percentage of
PEG absorbed in LS is 23% by weight. It has been demonstrated that in this form stable PCM displays
appropriate LHTES properties to be used in indoor mortars employed in buildings located in warm
(for instance, Mediterranean) regions [27].
2.2. Compositions of Mortar Formulations
In our previous papers, different mortar formulations based on aerial lime, hydraulic lime, gypsum
and cement, containing the composite LS/PEG have been produced and investigated [30,31], with
the aim of identifying, for each binder, the most convenient composition able to produce mortars
with adequate mechanical properties, in terms of both flexural and compressive modes. The mix
designs based on hydraulic lime and cement mortars were then identified as those best performing.
These latter were, therefore, employed to assess the true capability of LS/PEG to improve the thermal
Materials 2020, 13, 2055 4 of 15
regulation of a building, decreasing the indoor maximum temperature and increasing the indoor
minimum temperature. The selected binders, moreover, can be used in different applications: for
historical constructions the hydraulic lime, the cement-based mortars in modern buildings and for any
other common application [30,31].
A natural hydraulic lime (NHL), with density of 2700 kg/m3 supplied by CIMPOR (Lisbon, PT)
was selected. A CEM I 42.5 R cement, with a density of 3030 kg/m3, supplied by SECIL (Lisbon,
PT), was employed in the present work. The inert support for the PEG-based PCM is the stone (LS).
Additional information of these mortars and its raw materials can be found in [31].
A superplasticizer (SP) was added to both mortar compositions, in order to reduce the amount of
water required for the mixing. The SP was a polyacrylate (MasterGlenium SKY 627, supplied by the
BASF company), with density of 1050 kg/m3. In Table 1, the composition of all the mortars realized
and analyzed, produced according to the European Standard EN 998-1 [33], are reported.
Table 1. Mortar compositions (reported as kg/m3 of produced mortar).
System Binder/Content
Aggregates




HL800LS Hydraulic Lime/800 1092 0 15 275 320 0.40
HL800LS/PEG Hydraulic Lime/800 1729 398 15 0 375 0.47
C800LS Cement/800 1070 0 15 269 296 0.37
C800LS/PEG Cement/800 1347 310 15 0 360 0.45
Four compositions were developed: two of them were produced by adding the composite LS/PEG
to the binders (i.e., HL800_LS/PEG and C800_LS/PEG), in order to evaluate the effect of the presence the
PCM on the thermal properties of different mortars. For comparison purposes, two control formulations
were prepared by introducing only LS as aggregate (i.e., HL800_LS and C800_LS). As for the mortar
compositions containing the composite PCM (i.e., LS/PEG), the amount of this latter is different in the
two produced mortars (based on hydraulic lime and cement, respectively) since the amount of each













= 1 m3 (1)
where ρb, ρa, ρs and ρw are the densities of the binder, the aggregates, the superplasticizer and the
water, respectively.
The indication “water saturation” in Table 1 accounts for the water used to saturate the LS
aggregates, possessing a high porosity, to prevent them from absorbing the water necessary for the
mortar’s manufacture. This additional water was not required when LS/PEG composite was added to
mortars, since PEG was able to saturate the pores of Lecce stone [30].
2.3. Methods
The morphology and microstructure of the developed mortars were analyzed using
a scanning electron microscope (SEM, Carl Zeiss Auriga40 Crossbeam instrument, Jena, Germany).
The investigations were performed under vacuum on samples without metallization, using a beam
accelerating voltage of 20 kV and the secondary electron detector. The SEM images were further
analyzed using the Scanning Probe Image Processor (SPIP) software package (Image Metrology A/S,
Kgs. Lyngby, Denmark), version 6.2.6. Three images at magnification of 2500× were analyzed for each
material and the results were averaged. The “Particle and Pore analysis” function was used to detect
the pores and to measure their size. The threshold segmentation method was applied to quantify the
total pores percentage; the watershed method was used to evaluate the distribution of the pores on the
basis of their dimension.
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The thermal behavior of the produced mortars was tested in a climatic chamber, setting
a temperature program representative of each season of the year, in order to study the thermal
behavior of the developed mortars in summer, spring, autumn and winter. The temperature program
was fixed based on climatic data collected at the weather station installed in the Salento region,
South Italy.
For each composition, a small-scale test cell (Figure 1a) was constructed with an insulating
material (polystyrene) 3-cm thick, coated in the internal side with a mortar layer of 1 cm (Figure 1b).
Each cell was a cube, with a side equal to 200 mm. A thermocouple was placed in the center of each
small-scale cell, as illustrated in Figure 1c. Each small-scale test cell was placed inside a climatic
chamber, equipped with thermocouples for the temperature control (Figure 1d). Each thermocouple
used during the tests was connected to a data acquisition system of high sensibility (AGILENT 34970A),
measuring every minute the temperature of the climatic chamber and that inside the small-scale test
cells; the measured temperatures were then recorded by software (BenchLinkDataLogger3). Type K
thermocouples were used. The described set-up is able to supply important and reliable information
on the thermal behavior of the mortars, as previously demonstrated [34,35].
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3. Results and Discussion
3.1. Microstructure
The scanning electron microscope observations were performed to evaluate possible
incompatibilities between the different phases present in the mortars. Figure 2 shows the microstructure
of the hydraulic lime and cement based mortars with incorporation of the composite system,
i.e., PEG-based PCM, compared with the reference mortars without PCM.Materials 2020, 13, x FOR PEER REVIEW 6 of 14 
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The absence of voids and cracks in the microstructure of the developed mortars, irrespective
to their composition, suggests a good connection between the different components (LS or LS/PEG
and each binder). Differences in the pore size and pore distribution were found when comparing the
mortars with and without PCM, as can be observed from the results in Figure 3. A slight increase in
the total pores was measured when the PCM was added to each mortar (Table 2). Taking into account
that the total pores account for the porosity of the material, the mortars based on hydraulic lime were
generally more porous than the cement-based ones, as expected. The most frequent pore size was
similar for all the analyzed materials; it ranged between 0.761 and 0.894 µm (Figure 3a and Table 2).
In addition, the mortars containing the PCM exhibited a higher percentage of larger pores, irrespective
of the kind of binder. The fraction of pores larger than 2 µm was approximately 15% in HL800_LS/PEG;
it decreased by half in C800_LS/PEG, while it was negligible in the most compact mortar (i.e., C800_LS).
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Figure 3. Porosimetric features by image analysis of the SEM micrographs in Figure 2: (a) percentage
of pores as a function of their diameter; (b) number of pores per classes of pore-size.
Table 2. Total pores as a percentage and the most frequent pore size obtained by image analysis of SEM
micrographs taken on the investigated mortars.
System Total Pores (%) Most Frequent Pore Size (µm)
HL800_LS 33.57 ± 3.53 0.761 ± 0.062
HL800_LS/PEG 36.57 ± 3.18 0.894 ± 0.075
C800_LS 14.57 ± 1.35 0.832 ± 0.057
C800_LS/PEG 19.66 ± 3.24 0.794 ± 0.076
In general, the presence of both higher porosity and larger pore size can be explained in terms of
a higher water content of the mortar’s formulation. As reported in Table 1, the mortar compositions
containing LS/PEG were prepared using a higher amount of water. Thus, both hydraulic lime and
cement-based mortars with PCM exhibited increased porosity and pores larger in dimension than
the corresponding controls due to the higher water content employed. The observed porosimetric
features can also account for the changes in mechanical properties; in fact, the addition of the PCM
brought about a certain decrease in mechanical strength if compared to the mortars not containing the
LS/PEG composite.
3.2. Thermal Behavior
Since the presence of a PCM is expected to positively influence the internal temperature of a room
where it is applied [3,11,34], thermal tests were conducted with the aim of evaluating the thermal
behavior of mortars with incorporation of PCM. During the tests, all seasons of the year were evaluated,
taking as reference the climate recorded in Salento region (South Italy). Poly-ethylene glycol 1000
was, in fact, selected as PCM since its range of melting/crystallization temperatures is suitable for the
intended purpose. The summer conditions were simulated employing a temperature range from 22 ◦C
to 32 ◦C. For the spring climate, the analyzed temperature ranged between 12 ◦C and 24 ◦C. In the
autumn, the temperatures ranged between 16 ◦C and 24 ◦C. To simulate the winter, a temperature
interval between 8 ◦C and 15 ◦C was selected. Figure 4 shows the characteristic temperatures used
to simulate a typical summer, spring, autumn and winter season in Salento region. Each season was
simulated with three cycles, each one with a duration of 24 h.
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During these tests, the PEG-based PCM reached the phase transition (between 27 and 30 ◦C during
the heating process and between 10 and 13 ◦C during the cooling process) storing and releasing energy
from the environment, respectively, regardless of the kind of binder. These temperatures are reported
to be, in theory, favorable to obtain a PCM-based mortar to be employed as thermal energy storage
system included in the exterior and/or in indoor walls of buildings located in warm regions [30,31].
In the case of winter season, it was not possible to evaluate the PCM effect since its melting point was
hardly achieved [31], therefore, these data were not reported.
In Figures 5–7 report the behavior of the developed mortars, i.e., lime-based and cement-based
mortars, with and without the novel PCM, in spring, summer and autumn climatic conditions. In each
graph, the fluctuations of the typical temperatures for each season, set in the climate chamber where the
test cells were located, are also reported. Figure 5 shows the thermal behavior of the developed mortars
during summer. It can be observed that temperatures above 25 ◦C are registered but not below 20 ◦C.
Thus, it was concluded that during the summer there are cooling needs. Figure 6 shows the thermal
behavior of the mortars during the spring. Cooling is not necessary since, for the mortars containing
the PCM, the maximum temperature is lower than 25 ◦C. Finally, Figure 7 shows the thermal behavior
during the autumn: even in the presence of the PCM-based mortar, slight heating is needed, since the
minimum temperatures were lower than 20 ◦C. In all the performed tests it was observed that when the
temperature inside the test scale-cell achieves the range between 20 ◦C and 25 ◦C, a slight PCM phase
change occurs: the thermal behavior of the PCM-based mortars evolves in a different way compared to
the temperature program used for the simulation of the season. It was verified that the temperatures
inside the test cells did not reach such extreme temperatures if compared to the temperature program.
Furthermore, the temperature fluctuations of the mortar compositions containing the PCM are always
narrow if compared to those measured on the mortar compositions without PCM, conforming the
efficient behavior of the LS/PEG composite as phase change material for different mortars.
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As for the summer climatic condition (Figure 5), it was observed that in the heating step, i.e., when
the temperature exceeds 25 ◦C, the PCM-based mortars showed a slower heating and a lower maximum
temperature, this behavior being more marked in the case of the cement-based mortar. When the
temperature lies near the indoor thermal comfort zone (20–25 ◦C), the cells exhibit similar temperature
values. The effect of heat storage/release is only detected when the temperature diverges from the
thermal comfort zone. As for the cement-based mortar, it was observed that the higher temperature
of C800_LS/PEG is lower than 2 ◦C compared to the temperature program, while the temperature of
C800_LS is lower than 1 ◦C if compared to the temperature program. Thus, starting from a decrease
of the maximum temperature greater than 3% in the cooling stage achieved for the cement mortar,
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a decrease of the maximum temperature greater than 6% is achieved when the PCM is added to the
same mortar formulation. Passing to analyzing the hydraulic lime-based mortar, on the other hand,
the differences between the mortar formulation with and without PCM were negligible. During the
same tests, it was also observed a lag time of the minimum temperatures of 60 min during the heating
stage, while no lag time was recorded during cooling stage (Table 3). During the summer the greater
part of residential buildings electricity consumption is used for cooling needs, thus a certain shift to
off-peak periods of this consumption can represents an economical advantage.
Table 3. Lag time between the maximum and minimum temperatures in summer climate.
Summer
Lag Time (min)
Cooling Stage Heating Stage
Cement 0 60
Hydraulic Lime 0 60
According to Figure 6, in the spring climate, the maximum temperature did not exceed 25 ◦C,
meaning that the indoor environment does not require any cooling. On the other hand, the minimum
temperatures are lower than 20 ◦C and, consequently, there are heating necessities. As can be seen
in the graphs shown in Figure 6, the lowest temperature, recorded inside the climatic chamber
and representative of the spring cycle, diverges from the temperature recorded inside the test cells.
In general, there are not significant differences between the different binders (i.e., hydraulic lime
and cement), since for both of them the incorporation of PCM leads to an increase in the minimum
temperature of 11%. In particular, it was observed that the lower temperature of C800_LS/PEG is greater
than 2 ◦C when compared to the temperature program, while the temperature of C800_LS is greater
than 1 ◦C with respect to the temperature program. The same can be said for the hydraulic lime-based
mortar. However, in this tested season, the effect of the energy storage/release of the PCM is found also
in the thermal comfort zone (20–25 ◦C). The incorporation of PCM into mortars leads to a decrease of
12% in the maximum temperature. For the cement-based mortar as well as for the hydraulic lime-based
one containing the PCM, the higher temperature was found to be lower than 3 ◦C compared to the
temperature program, while the temperatures of the same mortar formulations without the PCM are
lower than 2 ◦C if compared to the temperature program.
These results demonstrated that the PCM produced positively influences to a similar extent both
high- and low-temperature external conditions. For the spring season, since there are not substantial
differences between the different mortar compositions in terms of thermal regulation, the only difference
can be highlighted by the thermal gradient, as can be seen in Figure 8, where the better thermal
behavior of the cement-based mortar appears remarkable.
Table 4 shows the lag time of the maximum and minimum temperatures verified in the different
mortars with and without PCM incorporation. It was observed that there is a lag time of the maximum
temperature of 60 min in the cooling stage, no lag time of the minimum temperature is observed in the
heating stage.
Table 4. Lag time between the maximum and minimum temperatures in spring climate.
Spring
Lag Time (min)
Cooling Stage Heating Stage
Cement 60 0
Hydraulic Lime 60 0
Figure 7 shows the thermal performance of the different mortars in an autumn climate. It can be
observed that the lowest temperatures are outside the comfort temperature zone since they are lower
than 20 ◦C. This observation suggests that it could be necessary to use heating equipment, leading
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to higher energetic consumption in buildings. Starting from the mortar compositions containing
the PCM (i.e., C800_LS/PEG and HL800_LS/PEG), it was possible to obtain an increase in the lowest
temperature of 4%. This means that the difference between the temperature program, representative
of the autumn season, and the test cells containing the mortars with the PCM is about 1 ◦C. On the
other hand, the increase in temperature for the mortar compositions without the PCM is irrelevant if
compared to the temperature program. However, a decrease in the maximum temperature of 12% was
also measured for both mortar formulations containing the PCM. For the cement-based mortar as well
as for the hydraulic lime-based one containing the PCM, the higher temperature was found to be lower
than 3 ◦C when compared to the temperature program, while the temperature of the same formulations
without the PCM is lower than 2 ◦C with respect to the temperature program. Thus, it was concluded
that the PCM is able to more greatly influence a cooling stage if compared to a heating one.
According to the results reported in Table 5, the lag time of the maximum temperature in the
cooling stage is 60 min; no lag time of the minimum temperature was recorded in the heating stage.
Table 5. Lag time between the maximum and minimum temperatures in autumn climate.
Autumn
Lag Time (min)
Cooling Stage Heating Stage
Cement 60 0
Hydraulic Lime 60 0
The analysis of the experimental temperature curves described does not provide enough
information about the energy performance of the different mortars subjected to heating and cooling
cycles. Therefore, it is necessary to measure the temperature differences within each cell relative
to the PCM-based mortars with respect to the reference ones (0% PCM). The thermal gradient was
determined for each hour of the thermal tests and calculated by Equation (2).
∆T = Tref − TPCM (2)
where Tref is the temperature of reference mortars (0% PCM) (◦C); TPCM is the temperature inside the
cell with PCM-based mortars (◦C).
Figure 8 shows the variation of the thermal gradient for each mortar composition in each season.
As the temperature cycle runs, the thermal gradient increases as a result of the cyclic heat storage process.
Hence, the gradient decreases until it reaches the point where the cells have the same temperature
(∆T = 0). The cement-based mortars exhibit better thermal regulation with the greater difference in
the temperatures observed in all the season tested. On the other hand, hydraulic lime-based mortar
exhibit a smaller thermal gradient and, as a consequence, lower thermal performance.
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Based on the temperature curves (Figures 5–7), the reduction of energy consumption during the
cooling and heating cycles was also quantified, with the aim of evaluating the energy saving actually
achieved with the use of the novel PCM. The amount of energy required to maintain the temperature
of the cell inside the temperature comfort range during one day was then calculated for each season.
In this way, it was possible to have an estimation of the cooling and heating needs to maintain the
interior temperature of a building within the comfort temperature range, i.e., between 20 ◦C and 25 ◦C.
Table 6 presents the cooling and heating needs for the different mortars in the different seasons.
Table 6. Cooling and heating needs during one day.
Formulation
Cooling Needs (J/m3) Heating Needs (J/m3)
Summer Spring Autumn Summer Spring Autumn
HL800LS 265,855 0 0 0 254,044 255,321
HL800LS/PEG 265,702 0 0 0 253,572 254,947
C800LS 266,003 0 0 0 254,017 255,266
C800LS/PEG 265,230 0 0 0 253,636 255,051
It was observed that the incorporation of the novel PCM, through the aggregates LS/PEG,
into mortars caused a slight decrease for the cooling needs in summer season. In this season,
cement-based mortar shows a better thermal behavior, since lower cooling needs are required using
this mortar composition.
As for the spring climate, a decrease was calculated in the heating needs for both the formulations,
hydraulic lime, and cement-based mortar, containing the PCM. The differences between the two
different binders appear to be insignificant. In the autumn conditions, a very small decrease was
calculated in the heating needs due to the incorporation in the mortars of the LS/PEG composite. Once
again, the differences between HL800_LS/PEG and C800_LS/PEG are not significant. From the performed
thermal tests was, then, possible to confirm that the PCM incorporation in both mortars formulations
reduces, even if to a low extent, the cooling and heating needs of a building located in Salento region
depending on the simulated season.
In Table 7 the values of energy saving that could be achieved using both mortar formulations
containing the PCM composite are reported. This latter was determined according to the difference of
the energy required for cooling and heating needs, starting from the results reported in Table 6 and
calculated by Equation (3):
∆NE = NE0PCM − NEPCM (3)
where NE is the reduction of energy needs (J/m3); NE0PCM is the energy required for mortar without
PCM (J/m3); NEPCM is the energy required for mortar with PCM (J/m3).
Table 7. Energy savings per day for mortars containing PCM composite.
Formulation
Cooling Needs (J/m3) Heating Needs (J/m3)
Summer Spring Autumn
Hydraulic Lime 152.7 472.0 374.8
Cement 772.9 381.1 214.8
In summer, when only refreshment is required, the cement-based mortar displays a better thermal
behavior, confirmed by the much greater amount of the energy saving. In spring, on the other hand,
the energy saving for the hydraulic lime-based mortar is almost 20% greater than that calculated for
the cement-based mortar. The advantage of hydraulic lime-based mortar is even more appreciable
during the autumn season, with a difference of 40% in energy saving compared to cement-based mortar.
This behavior could be ascribed to the greater PEG content and porosity of the hydraulic lime mortar
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formulation (Figures 1 and 2). Thus, it can be concluded that the presence of a greater amount of macro
pores improves the temperature regulation effect.
4. Conclusions
In this work, the influence of a composite phase change material system included into two mortar
compositions, based on cement and on hydraulic lime, on thermal properties of the same mortars
was evaluated. The PCM represents a novel sustainable composite system composed of eco-friendly
PEG included, through the “form-stable method”, in waste natural stone flasks, i.e., Lecce stone.
This system, prepared with a low-cost equipment and low-cost raw materials, is characterized by other
favorable properties, such as low flammability and low toxicity that constitute advantageous features
for applications in the building sector.
The microscopic analysis of the microstructure of each mortar revealed a good connection between
the different components of the mortars, with no voids or cracks in a homogeneous structure. From the
same analysis it was also possible to observe that the incorporation of LS/PEG led to an increase in the
porosity in the tested binders in comparison with the reference unmodified mortars. This observation
was explained by the higher amount of water required by the mortars containing the PCM, with the
hydraulic lime-based mortar containing LS/PEG showing the greatest porosity.
The results obtained in the thermal tests, performed with a small-scale test cells, simulating
the temperatures typically experienced in the Salento region (South Italy) in the four seasons, have
proven that the incorporation of the PCM under analysis in the mortars leads to changes in their
thermal properties. In particular, during the summer season, a decrease in the cooling needs was
measured, while during spring and autumn, a decrease in the heating needs can be achieved upon
the addition of the PCM in both mortars. The best thermal performance was achieved in the summer
season by the cement-based mortar containing the LS/PEG, testified by the highest thermal gradient,
the maximum temperature reduction, the minimum temperature increase and time delay. In spring and
autumn, the best thermal performance was displayed by the hydraulic lime-based mortar containing
the LS/PEG.
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9. Kośny, J.; Biswas, K.; Miller, W.; Kriner, S. Field thermal performance of naturally ventilated solar roof with
PCM heat sink. Sol. Energy 2012, 86, 2504–2514. [CrossRef]
10. Lu, S.; Xu, B.; Tang, X. Experimental study on double pipe PCM floor heating system under different
operation strategies. Renew. Energy 2020, 145, 1280–1291. [CrossRef]
11. Kheradmand, M.; Azenha, M.; de Aguiar, J.L.B.; Krakowiak, K.J. Thermal behavior of cement based plastering
mortar containing hybrid microencapsulated phase change materials. Energy Build. 2014, 84, 526–536.
[CrossRef]
12. Cunha, S.; Aguiar, J.; Ferreira, V.; Tadeu, A. Mortars based in different binders with incorporation of
phase-change materials: Physical and mechanical properties. Eur. J. Environ. Civ. Eng. 2015, 19, 1216–1233.
[CrossRef]
13. Kalnæs, S.E.; Jelle, B.P. Phase change materials and products for building applications: A state-of-the-art
review and future research opportunities. Energy Build. 2015, 94, 150–176. [CrossRef]
14. Huang, X.; Alva, G.; Jia, Y.; Fang, G. Morphological characterization and applications of phase change
materials in thermal energy storage: A review. Renew. Sustain. Energy Rev. 2017, 72, 128–145. [CrossRef]
15. Lecompte, T.; Le Bideau, P.; Glouannec, P.; Nortershauser, D.; Le Masson, S. Mechanical and thermo-physical
behaviour of concretes and mortars containing phase change material. Energy Build. 2015, 94, 52–60.
[CrossRef]
16. Franquet, E.; Gibout, S.; Tittelein, P.; Zalewski, L.; Dumas, J.-P. Experimental and theoretical analysis of
a cement mortar containing microencapsulated PCM. Appl. Therm. Eng. 2014, 73, 32–40. [CrossRef]
17. Frigione, M.; Lettieri, M.; Sarcinella, A. Phase change materials for energy efficiency in buildings and their
use in mortars. Materials 2019, 12, 1260. [CrossRef]
18. da Cunha, S.R.L.; de Aguiar, J.L.B. Phase change materials and energy efficiency of buildings: A review of
knowledge. J. Energy Storage 2020, 27, 101083. [CrossRef]
19. Akeiber, H.; Nejat, P.; Majid, M.Z.; Wahid, M.A.; Jomehzadeh, F.; Zeynali Famileh, I.; Calautit, J.K.;
Hughes, B.R.; Zaki, S.A. A review on phase change material (PCM) for sustainable passive cooling in building
envelopes. Renew. Sustain. Energy Rev. 2016, 60, 1470–1497. [CrossRef]
20. Zhang, P.; Xiao, X.; Ma, Z.W. A review of the composite phase change materials: Fabrication, characterization,
mathematical modeling and application to performance enhancement. Appl. Energy 2016, 165, 472–510.
[CrossRef]
21. Li, M.; Shi, J. Review on micropore grade inorganic porous medium based form stable composite phase
change materials: Preparation, performance improvement and effects on the properties of cement mortar.
Constr. Build. Mater. 2019, 194, 287–310. [CrossRef]
22. Fallahi, A.; Guldentops, G.; Tao, M.; Granados-Focil, S.; Van Dessel, S. Review on solid-solid phase change
materials for thermal energy storage: Molecular structure and thermal properties. Appl. Therm. Eng. 2017,
127, 1427–1441. [CrossRef]
23. Lv, P.; Liu, C.; Rao, Z. Review on clay mineral-based form-stable phase change materials: Preparation,
characterization and applications. Renew. Sustain. Energy Rev. 2017, 68, 707–726. [CrossRef]
24. Liu, Y.; Xu, E.; Xie, M.; Gao, X.; Yang, Y.; Deng, H. Use of calcium silicate-coated paraffin/expanded perlite
materials to improve the thermal performance of cement mortar. Constr. Build. Mater. 2018, 189, 218–226.
[CrossRef]
25. Wan, X.; Chen, C.; Tian, S.; Guo, B. Thermal characterization of net-like and form-stable ML/SiO2 composite
as novel PCM for cold energy storage. J. Energy Storage 2020, 28, 101276. [CrossRef]
26. Costa, J.A.C.; Martinelli, A.E.; do Nascimento, R.M.; Mendes, A.M. Microstructural design and thermal
characterization of composite diatomite-vermiculite paraffin-based form-stable PCM for cementitious
mortars. Constr. Build. Mater. 2020, 232, 117167. [CrossRef]
27. Karaman, S.; Karaipekli, A.; Sarı, A.; Biçer, A. Polyethylene glycol (PEG)/diatomite composite as a novel
form-stable phase change material for thermal energy storage. Sol. Energy Mater. Sol. Cells 2011, 95,
1647–1653. [CrossRef]
Materials 2020, 13, 2055 15 of 15
28. Kou, Y.; Wang, S.; Luo, J.; Sun, K.; Zhang, J.; Tan, Z.; Shi, Q. Thermal analysis and heat capacity
study of polyethylene glycol (PEG) phase change materials for thermal energy storage applications.
J. Chem. Thermodyn. 2019, 128, 259–274. [CrossRef]
29. Frigione, M.; Lettieri, M.; Sarcinella, A.; de Aguiar, J.B. Mortars with Phase Change Materials (PCM) and
stone waste to improve energy efficiency in buildings. In International Congress on Polymers in Concrete
(ICPIC 2018); Taha, M.M.R., Ed.; Springer International Publishing: Cham, Switzerland, 2018; pp. 195–201,
ISBN 978-3-319-78174-7.
30. Frigione, M.; Lettieri, M.; Sarcinella, A.; de Aguiar, J.B. Sustainable polymer-based phase change materials
for energy efficiency in buildings and their application in aerial lime mortars. Constr. Build. Mater. 2020, 231,
117149. [CrossRef]
31. Frigione, M.; Lettieri, M.; Sarcinella, A.; de Aguiar, J.L.B. Applications of sustainable polymer-based phase
change materials in mortars composed by different binders. Materials 2019, 12, 3502. [CrossRef]
32. Andriani, G.F.; Walsh, N. Petrophysical and mechanical properties of soft and porous building rocks used in
Apulian monuments (south Italy). Geol. Soc. Lond. Spec. Publ. 2010, 333, 129. [CrossRef]
33. CEN. Specification for Mortar for Masonry—Part. 1: Rendering and Plastering Mortar; EN 998–1; CEN: Brussels,
Belgium, 2010.
34. Cunha, S.; Aguiar, J.B.; Tadeu, A. Thermal performance and cost analysis of mortars made with PCM and
different binders. Constr. Build. Mater. 2016, 122, 637–648. [CrossRef]
35. Kheradmand, M.; Aguiar, J.; Azenha, M. Assessment of the Thermal Performance of Plastering Mortars within
Controlled Test. Cells; University of Minho: Guimaraes, Portugal, 2014.
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
